OBJECTIVE: There is growing evidence for an implication of the CB1 receptor subtype of the endocannabinoid system in the regulation of eating and fat deposition. To further define the physiological role of these receptors in the control of energy balance, we characterized the phenotype of CB1 receptor knockout (CB1 À/À ) mice maintained on an obesity-prone regimen or on a standard chow.
Introduction
Cannabinoid receptors and their endogenous ligands have been implicated in a variety of physiological functions, including the modulation of pain, 1 emotional behavior, 2 cognition, 3 and feeding. 4 Among these diverse actions, the stimulation of eating has been extensively investigated. This role has been supported by the demonstration that -THC), the main active component of marijuana, as well as the endocannabinoids, anandamide and 2-arachidonoyl glycerol (2-AG), stimulate feeding in laboratory animals. [5] [6] [7] [8] In this field, the discovery of the first selective cannabinoid CB1 receptor antagonist SR141716 9 has been an important tool for research on the cannabinoid system. Cannabinoid CB1 receptor blockade by SR141716 was shown to antagonize the orexigenic effect of the cannabinoid agonists D
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-THC, anandamide and 2-AG 7, 8, 10 , and demonstrated the implication of CB1 receptors in feeding control. Furthermore, when administered alone, SR141716 suppressed food intake in rodents, 11,12 which indicates that tonic endocannabinoid activity may be a key component of appetite regulation.
Interestingly, the role of the cannabinoid system in modulating food intake is more apparent with highly palatable foods. CB1 receptor agonists 4 and antagonists have been reported to preferentially modify the consumption of sweet diets in rodents 13 and in the marmoset. 14 The mechanisms by which cannabinoids control feeding may involve an interaction between feeding behavior and the reward systems. These mechanisms remain, however, to be clarified. In addition to regulating food intake, cannabinoid systems have been shown to modulate metabolic regulations. We previously demonstrated that in diet-induced obese mice, a chronic treatment with the CB1 receptor antagonist SR141716 induced a pronounced and sustained body weight loss, which outlasted the decrease in food intake since hypophagia declined with the repetition of treatments. 15 These findings strongly suggest that cannabinoid systems are involved not only in the feeding control but also in the regulation of body weight by acting directly or indirectly via CB1 receptors. Recently, a relationship between the endocannabinoid system and leptin has been reported. 16 Genetically obese rodents with defective leptin signaling exhibit elevated hypothalamic endocannabinoid levels, and these levels are reduced after an acute leptin treatment in ob/ob mice. This hormone is a key component of systems that regulate both feeding and body weight and the suggested interactions between cannabinoids and leptin open new aspects of the extremely complex pathways that control energy balance. In view of its implication in the control of food intake and body weight, it seems justified to use cannabinoid blockade in the treatment of obesity. This growing disorder appears highly related to an increased availability of palatable foods in our modern society. Thus, by reducing food intake, modifying the attractiveness of palatable food and influencing metabolic regulations, the blockade of CB1 receptors was expected to be highly efficient in reducing obesity. This hypothesis has been confirmed in previous studies showing that treatment with CB1 receptor antagonists in dietinduced obese mice results in a marked body weight loss. 15, 17 Furthermore, a recent work 18 demonstrated that mice with disrupted CB1 gene (CB1 À/À ) and maintained on standard mouse chow are lean and hypophagic, and that food intakeindependent mechanisms partly contribute to their lean phenotype. To confirm the role of CB1 receptors in regulating both food intake and body weight, we characterized CB1 À/À mice given an obesity-prone regimen. We used a free-choice-feeding paradigm consisting of offering mice both a standard chow and a high-fat highly palatable diet. This experimental paradigm allows the detection of phenotypic differences regarding sensitivity to obesity development and the assessment of the influence of the system on food preference. The phenotypes of CB1 À/À and CB1
þ / þ mice given this regimen were compared to that of CB1
fed the standard diet alone in order to quantify obesity and the associated insulin resistance in the two strains. A group of CB1 À/À mice fed the standard diet was also included to assess the basal phenotype of these knockout animals. Finally, we confirmed the lack of effect of the CB1 receptor antagonist SR141716 in knockout mice fed a high-fat diet (HFD) not only on adiposity but also on plasma insulin levels. Our studies demonstrate a major role of CB1 receptors in controlling body weight as well as food intake, and confirm the view that the blockade of these receptors may constitute a new approach for the treatment of obesity.
Materials and methods
Animals CB1 À/À mice were generated as described previously. 19 Briefly, for constructing the targeting vector, a 9-kb KpnIKpnI fragment including the entire coding region of the CB1 receptor gene was cloned from a 129SvJ6 mouse genomic library. An ApaI-ApaI fragment containing part of the coding region was inactivated by substitution with a neomycin resistance cassette. 
Body weight was recorded daily for 11 weeks on each specific regimen. Food intake was daily monitored during the first 4 weeks on diet and then during week 12.
When spillage was observed, the individual value was removed from data.
CB1R knockout and resistance to obesity C Ravinet Trillou et al At the end of the feeding study, glycemia was measured using a One Touch Glucometer (Bayer Diagnostics) in 18-h fasted mice before and after (30, 60, 90 , 120 and 180 min) intraperitoneal insulin injection (0.60 U/kg). The AUC (0-180 min) of glycemia was calculated to assess insulin sensitivity. After recovering from the insulin sensitivity test, the body composition was estimated using a small-animal body composition analyzer (EM-SCAN s , SA-3000) in anesthetized mice. 20 Then, mice were killed by decapitation and blood was collected in EDTA-containing tubes. Insulin and leptin plasma levels were determined using radioimmunochemical kits (Amersham and Linco).
Response to leptin Male CB1 À/À mice (9 weeks old) were maintained on a reverse 12 h light/dark cycle (light on 21:00 hours) and fed the standard chow (STD). Recombinant mouse leptin (Biochemicals) was injected freehand at the beginning of the dark phase in 24-h fasted CB1 À/À or wild-type animals (n ¼ 15) by intracerebroventricular route at a dose of 1 mg/ mouse. Equivalent groups of each strain received the vehicle in the same conditions.
Treatment with SR141716
Male CB1 À/À mice (9 weeks old) and wild-type animals were maintained on a reverse 12 h light/dark cycle (light on 21:00 hours) and fed the HFD. After 6 weeks on diet, a dose of
(Sanofi-Synthelabo Recherche, Montpellier, France) or the vehicle alone was administered to equivalent groups of CB1 À/À mice and wild-type animals (n ¼ 12). Treatments were performed orally just before the beginning of the dark phase. Body weight and food intake were daily monitored. After 3 weeks of treatment, mice were killed by decapitation, lumbar abdominal fat pads were removed and weighed and blood was collected for plasma insulin determination.
Statistical analyses
The results are expressed as mean7s.e.m. A repeated twoway ANOVA (repeated measures on body weight, food intake and metabolic indicators) or one-way ANOVA (other variables) was performed using SAS version 8.2. In the feeding study, analysis compared all the groups on diet to the standard diet-fed wild-type animals, which were considered to be the reference animals. When necessary, a direct comparison between the two basal phenotypes alone (STD À/À vs STD þ / þ ) has been added. In this case, the result of this analysis is reported in the legend of the figures. SR141716-treated mice were compared to their respective controls. A Dunnett's test was used to determine statistical significance between groups. In the response to exogenous leptin test, groups were compared using a Student-NewmanKeuls's test. When the hypotheses necessary for the application of parametric tests were not achieved, appropriate nonparametric tests were applied.
Results

CB1
À/À mice are lean and resistant to diet-induced obesity When maintained on an STD diet, the mean body weight of male CB1
À/À mice was reduced and this was first apparent at 14 weeks of age ( Figure 1 ). At 20 weeks of age, STD À/À mice weighed 24% less than STD þ / þ mice (Po0.01). The obesityprone regimen (ST/HFD) induced a rapid increase of the growth curve in wild-type mice, which reached a 22% higher body weight than that of STD þ / þ animals after 11 weeks on diet (Po0.01). In contrast, the weight of CB1 À/À male mice tended to increase with the obesity-prone regimen but not higher than that of STD þ / þ mice (À12%, not significant).
Carcass analyses (Table 1) showed that CB1 À/À male mice had reduced fat content in the two feeding conditions (Po0.05). However, differences were attenuated with the obesity-prone regimen. As expected, obesity-prone diet fed wild-type mice showed a significant increase (Po0.05) in body fat deposition. Consistent with these findings, plasma leptin levels were reduced in STD À/À mice (4.7271.07 ng/ml, Po0.05), increased in ST/HFD þ / þ animals (31.8672.67 ng/ ml, Po0.01), and were similar in the ST/HFD À/À mice (7.5371.14 ng/ml, not significant) when compared to STD þ / þ animals (9.9571.43 ng/ml).
Leanness of CB1
À/À mice is related to regulation of energy intake and change in energetic metabolism The reduced body weight and lean phenotype were associated with a slightly lower food intake level as STD À/À mice 
CB1
À/À mice have lower plasma insulin level and do not develop diet-induced insulin resistance We studied the potential effects of CB1 receptor inactivation on glucose homeostasis. Plasma insulin levels were low in STD À/À mice (2.6470.59 ng/ml, Po0.05 compared to 5.9370.98 ng/ml in the STD þ / þ group). As expected, with the obesity-prone regimen, insulin levels tended to increase in the wild-type mice, although the difference did not reach statistical significance (8.4871.05 ng/ml, 
CB1 À/À mice display enhanced leptin sensitivity
We examined the effect of an increase in leptin levels in the context of CB1 receptor inactivation by injecting exogenous leptin in CB1 À/À male mice fed a standard diet ( Figure 6 ). Leptin injection induced a higher weight loss and food intake decrease in CB1 À/À male mice than that observed in wild-type animals. While wild-type animals lost 4.7% of their body weight 24 h after leptin injection, body weight loss in CB1 À/À mice reached 7.5% (Po0.01 vs leptin-injected CB1 þ / þ mice). The food intake reduction was also stronger in the knockout mice (À14.4% vs vehicle-injected CB1 À/À mice, Po0.01) than in wild-type animals (À6.1% vs vehicle-injected CB1 þ / þ mice, not significant). At 48 h after leptin injection, the effect remained stronger in CB1 À/À mice than in wild-type littermates. CB1R knockout and resistance to obesity C Ravinet Trillou et al CB1 À/À mice fed a high-fat diet are insensitive to a chronic treatment with SR141716 As previously reported, 15 the 3-week treatment with SR141716 (10 mg/kg/d) had no effect on the body weight and food intake of CB1 À/À mice. In contrast, SR141716
induced a marked decrease of body weight in wild-type animals (after 21 treatments, 34.671.0 g in SR141716-treated mice vs 41.570.7 g in vehicle-treated group, Po0.01). This effect was accompanied by a strong reduction in energy intake (9.670.
group during week 1, Po0.01), which attenuated thereafter.
As expected, the weight of lumbar fat masses was unchanged in CB1 À/À mice (0.14270.032 g in the vehicle group and 0.17870.024 g in the SR141716 group, not significant) and decreased in wild-type animals (0.52670.030 g in the vehicle group and 0.29970.037 g in the SR141716 group, Po0.01). SR141716 also lowered the insulin plasma levels in wild-type mice fed an HFD (2.1670.39 ng/ml in the SR141716 group vs 6.9471.51 in the vehicle group, Po0.05), and had no effect in CB1 À/À mice fed the same diet (1.3470.11 ng/ml in the SR141716 group vs 1.9770.33 ng/ml in the vehicle group, not significant).
Discussion
The role of cannabinoids as potential orexigenic agents has been widely suggested. Furthermore, a strong anti-obesity potential has been recently demonstrated with CB1 receptor antagonists in various rodent models. 15, 17, 21 However, the phenotype of the CB1 receptor knockout mice regarding obesity development was still unknown. In this study, we challenged the animals with a free-choice-feeding paradigm consisting in offering both a standard chow and a high-fat highly palatable diet in order to detect phenotypic differences regarding sensitivity to obesity development and to assess the influence of the cannabinoid system on food preference. In these conditions, the body weight and the food intake of CB1 À/À mice offering this obesity-prone regimen remained low and, in contrast to wild-type mice, obesity did not develop. Furthermore, the preference for a high-fat highly palatable chow was maintained in CB1
À/À mice. The lean phenotype of CB1 À/À mice given a standard chow was also confirmed. When mice are maintained on standard diet, the inactivation of CB1 receptors in male mice results in leanness and in a slight hypophagia. The low body weight of CB1 À/À mice was associated with a reduced adiposity. Mutant mice fed a standard chow display only half the body fat storage of their wild-type littermates at the age of 20 weeks. These findings are in agreement with the results published by Cota et al.
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Interestingly, the degree of hypophagia (about 10% less energy intake than in wild-type animals) appears low. When expressed as a percentage of body weight, the relative food intake was similar in mutant and in wild-type animals, which indicates that the balance between the body weight and the energy intake remains unchanged. In contrast to the relative food intake, the feeding efficiency of the knockout mice was significantly lower than that of wild-type animals. This parameter estimates the anabolic processes relative to the food intake. Therefore, the lower feeding efficiency in CB1 À/À mice suggests that additional metabolic changes could potentiate the effect of the hypophagia in reducing fat storage.
When given a high-energy regimen, the adiposity of CB1 À/À mice remains low in contrast to that observed in the wild-type animals. Although fat deposition slightly CB1R knockout and resistance to obesity C Ravinet Trillou et al increases with the diet, it still remains lower than that of control animals fed the standard diet alone. These data suggest that inactivation of CB1 receptors is capable of counterbalancing the development of the obesity induced by a high-energy regimen. In this study, mice were fed using a free-choice paradigm consisting of offering ad libitum both a standard chow and an HFD. Considering the total daily energy intake, during the first week on the regimen, wildtype mice display hyperphagia as they consumed 25% more energy than mice fed the standard chow alone. Thereafter, the hyperphagia attenuates, although body weight gain remains elevated, as has been previously reported in the dietinduced obesity model. 22 In the knockout mice, the hyperphagia does not occur. This finding suggests that suppressing hyperphagia during the early phase of a highenergy feeding may be useful in preventing obesity development. However, the ability of mice to gain adiposity with a high-energy regimen cannot be limited to the amount of energy intake, as no correlation has previously been found between resistance to obesity and energy intake in several responsive or nonresponsive strains of mice. 22 When analyzing the composition of the meal, the low level of fat storage in CB1 À/À mice does not seem to be related to a difference in the nature of the diet ingested. During the first day of the free-choice paradigm, CB1 À/À mice ate about twothirds of their daily energy from the HFD, while the wildtype mice chose only the high-fat food. However, after the second day of exposure to the two diets, mutant mice consumed exclusively the HFD like their wild-type littermates as demonstrated by the data collected during the first 4 weeks on study and after 11 weeks on regimen (data not shown). Thus, the free-choice regimen finally results in a high-fat feeding in the two strains. Therefore, inactivation of CB1 receptors does not prevent mice from choosing the highly palatable diet, but prevents excessive eating. These results suggest that CB1 receptor activation is not crucial to the pleasure derived from the orosensory characteristics of a high-fat highly palatable food. 4 The endocannabinoid systems seem rather to be associated with the incentive aspects of eating motivation. In agreement with this hypothesis are the results of a previous study showing that blockade of CB1 receptors by the CB1 antagonist SR141716 failed to affect sucrose sham feeding in the rat. 23 In this model, rats ingested a palatable solution, which was recovered within seconds directly from the stomach by a surgically implanted cannula. The lack of sham-feeding disruption by SR141716 strongly supports the concept that the cannabinoid system seems not to be significantly implicated in pathways that maintain sucrose ingestion. In contrast, the role of endocannabinoids in appetitive-incentive processes was demonstrated with alcohol using an operant progressive ratio paradigm in the rat. 24, 25 In this model, SR141716 was found to decrease motivation while CP 55940, a CB1 receptor agonist, increased motivation to obtain beer. Nevertheless, because the cannabinoid system is widely known to be more efficient in reducing highly palatable foods, our results on free-choice feeding in CB1 À/À mice remain surprising. However, the previous experiments, which described a more efficient effect of cannabinoid compounds on palatable food, were performed by offering animals only one type of diet or by using acute treatments. Therefore, free-choice-feeding studies with repeated treatments would probably provide important insights into the mechanism of action of cannabinoid compounds. Finally adaptative compensatory mechanisms, which might develop in knockout animals, could also interact with the effect of CB1 gene inactivation. In contrast to observations in mice fed a standard chow, CB1 À/À mice fed a high-energy diet display both a higher relative food intake and a lower feeding efficiency compared to the wild-type mice given the same diet. Therefore, despite a high food intake on a weight basis in CB1 À/À mice, these mice were leaner than their wild-type controls. This suggests that the decreased weight gain and fat storage observed in the mutant mice are also likely to be related to metabolic changes. Such metabolic changes seem mainly apparent with the high-energy diet, which enhances the differences between the two strains. However, more detailed metabolic studies need to be performed in these knockout mice maintained on an obesity-prone diet to confirm these results. The mechanisms by which cannabinoid systems may modulate the energetic metabolism remain to be determined. We recently reported that the CB1 receptor antagonist SR141716 not only regulates food intake of diet-induced obese mice during a chronic treatment but can also induce metabolic changes to potentiate and sustain weight loss. 15 Bensaid et al 26 found that adipose tissue of the Zucker rat expresses the CB1 receptor mRNA and that this expression is upregulated in the tissue of the obese (fa/fa) rat compared to the lean animals. Culture mouse 3T3 F442A adipocytes also overexpress CB1 receptors when cells are differentiated. It is tempting to speculate that endocannabinoids may act directly on adipose tissue to regulate metabolic pathways. One of their possible targets is Acrp30 (adiponectin), an adipocyte-derived hormone, which has been shown to induce free fatty acid oxidation and body weight loss in mice. 27 In their recent work, Bensaid et al 26 also reported that pharmacological blockade of CB1 receptors by SR141716 stimulates the expression of Acrp30 mRNA in rat adipose tissue. CB1 receptor activation has also been shown to enhance lipogenesis by increasing lipoprotein lipase activity in primary adipocyte cultures, and the CB1 selective antagonist SR141716 blocked this effect. 18 Overall, the adipose tissue might be one of the peripheral targets of the cannabinoid system. In addition to their food intakedependent effects, endocannabinoids may influence energetic processes by regulating lipogenic pathways in adipocytes via CB1 receptors. Low plasma leptin levels accompanied the low adiposity of CB1 À/À mice. Furthermore, we found that the suppressive effects of exogenous leptin on feeding behavior and body weight were enhanced in CB1 À/À mice. Such an effect has CB1R knockout and resistance to obesity C Ravinet Trillou et al been previously observed in mice lacking melanin-concentrating hormone and in mice lacking neuropeptide Y. [28] [29] [30] The increase of leptin sensitivity in CB1 À/À mice suggests that, like neuropeptide Y and melanin-concentrating hormone, endocannabinoids may directly or indirectly oppose the effect of leptin in regulating food intake and fat storage and that they probably act via CB1 receptors. A relationship between leptin and the cannabinoid system has been previously reported. Defective leptin signaling is associated with elevated hypothalamic endocannabinoid levels in obese db/db and ob/ob mice and in Zucker rats, and these levels are reduced after an acute leptin treatment in ob/ob mice. 16 As leptin is widely implicated in the regulation of food intake and energetic metabolism, this hormone may also constitute a way by which CB1 receptor blockade could act in preventing obesity. However, the interaction of the cannabinoid system with the leptin pathways remains to be clarified. Interestingly, the inactivation of CB1 receptors results in low plasma insulin levels. Insulin sensitivity of mutant mice was similar to that of wild-type mice when animals are maintained with the standard diet. However, the inactivation of CB1 receptors prevents the decrease of insulin sensitivity induced by high-energy feeding observed in wild-type animals. This finding may be related to the low adiposity of CB1 À/À mice fed the high-energy diet, as insulin sensitivity was shown to correlate with the level of fat storage. [31] [32] [33] A previous study 15 showed that treatment of CB1 À/À mice with the CB1 receptor antagonist SR141716 did not induce any change in body weight and food intake. The lack of effect of the compound is confirmed by the unchanged adiposity in treated CB1 À/À mice. In addition to its effect on body weight and food intake, SR141716 was shown to reduce plasma insulin levels. 15 We demonstrate that plasma insulin remains unchanged in treated knockout mice, while this parameter was sharply decreased by SR141716 in wild-type mice.
In conclusion, we demonstrate that CB1 receptor knockout mice are lean and resistant to diet-induced obesity. Genetic inactivation of CB1 receptors seems to reproduce closely the effects of a pharmacological blockade of these receptors in mice. 15 These findings support a major implication of CB1 receptors in the regulation of both food intake and body weight, and suggest that the endocannabinoid effects probably involve leptin-regulated pathways. Therefore, this target may constitute a new efficient approach to the treatment and/or prevention of human obesity.
